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ABSTRACT 
DEFORMATION BANDS IN THERMOSET POLYMERS 


by 


®' 


CaRL LEVI LUDWIG 


submitted to the Department of Naval Architecture and 
Piwme Iieimecring on May 21, 1970, in partial fultiii— 
ment of the requirements for the Master of Scierre 
Degree in Naval Architecture and Marine #tngineering and 
Maen trotlessional Degree, Naval Engineer, 


PveoMOocetuimigeresasis are Innemenbily pritidie. bit 
mem be Loushened considerably by adding rubber particles, 
foes LOUughening is due to large localized deformations 
known as crazes and shear bands, The comrression test 
results indicate the shear bands ere simiiar to those 
formed in thermoplastics, Shear strains of 60% were 
measured in the bands. The angle of band proraration was 
Mevaliy less than 4e°, The bands were eenerally diffuse 
fomnature, iwweé. the yield zone consisted of several shear 
lbemeas, Ihe stress for band initiation varied directly 
with the inverse of temverature for the rubber modified 
and unmodified thermoset tested. 


Frolystyrene, epoxy and modified epoxy specimens were 
Miealea at temperatures siightly above their glass tran- 
Sition temperatures., No residual strain was apparent by 
photoelastic techniques, but upon retesting a decrease in 
fem Mmicroscooic gnitiaetion and the maximum stress was 
observed. These results indicate the mechanism of shear 
bond jnitiation may be the varting of covalent bonds in 
the molecular chain, 


The results from the rubber modified epoxy tests 
mealitetively indicate the presence of a compressive 
meress due to the difference in the thermal coefficients 
Semexpansion. However, quantitative stucies cculd not 
confirm a rubber particle rvroduced only a comoressive 
meee oc. CrOvVicded Orly a stress concentration, or dia bDotwtn 
mn any consistent manner. 
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eo RODU Cie 


THERMOSEtL IS sees iiS are wa helmet Oly sori te meen 
considerable toughening is possible by introducing a 
hine disnversion of rubbersparticlecmimio aduticemoscet 


Metrix. oudeban and MeGarry | 


have shown the degree of 
toughness depends uvon the size of the second phase 
particles, the curing temperature, the bonding between 
the two phases, the molecular weight of the elastomer 
EMiGmtts Concentre tion, 

Tais toughening is .@ result obspiestic flow woicn 
He probably due to large localized deformations known 
as crazes and deformation or shear bands. Kambour® 
has found crazes to be deformed roushly 50 rvercent 
and Godrick? found shear strain in deformation bands 
imme 1) Cie sOmcer Of Unay., Crazeemeecir Anmemcdirce— 
tion perpendicular to the princival tensile stress 
axis while tne deformation bands propagate in a volane 
nearly carallel to the plane of maximum shear stress. 
The deformation bands are similer in arvrearance to 
Slip bands (Luders' bands) in metals, Newman and 
Meliceic: observed the relation between the accearance 
of crazes snd flow lines while loading tensile spec- 
jmens of polymethyl methacrylate (PsliA). of a 
number of specimens observed by Newman and ‘Wolock 


only three exhibited flow lines. Two of these three 








specimens broke at strains of approximately 20%. The 
third specimen broke at the wsual averase value woieh 
is about Gsper cent, Tee SPeCIMNenS Craz ccm ties Vices 
of approximately 5 cer cent as observeé in Orev Lous 
tests. Tne flow lines were first observed at strains 
oe © to 10 ver vcent. The flow dines clear), omieimervea 
meme OnGds i Crazes anc they Giumm@ot, obServe craze 
aaewi 1 fiver Lie aprearance of the flow margzines,. 
Similar flow Jines were observed on the surface of a, 


Diagxially stretcmed plastic sheet that hac been stressed 


r 


we 


Memocllure without crazine. The nuctei for shear band 
MmomnetLionsconsi:Sted of sbits of adhmesime iren t71e 
Mecring paper, 


Similar craze ana shear 


je 
>» 


Fnaer anc Andrews? stuaie 
band (flow line) chenomena in Folystyrene. Their results 
mmeicate a critical stress is resuired for the forma- 
meron OF proracation of shear aoe SOCrICK ~ TODmG 
mie LOcal Stress for band initiavion to be Lemcerature 
meeenaent and time bands initaave wmen the boac=der lec— 
mon curve deviates from linear, 
Folystyrene is a classy, amorvhous thermotlastic 


Bt room temcerature and below. In tests of other 


6 
and whitney found tnat only 


\Je 


meer moclestics, Godarick 
mol Vonyl 1C 1oricere la, nNourdevelou, SOLe Uy oC 9Ot ~Siear 


iad. \cOdIveCh also Vesvcemaeme Bl iweuly ser ecalinnt ed 


re 








(irradiated) polystyrene anc. the bands Geveloped 
Siniler to Caose ane teweicrre nous polystyrene, put 
the Dand initiation stress sano thaevy eld stressmiere 
increased slightly. The degree of crosslinking was 
M@teCXLeNSiIVe- eno it 1S Anovn that Colymer seca wo. 
momo 1 Iuene ea Very ome mlr  CemULy sil tlle. cakeuaoy 
mezion by Smell amounts of crosslinking, Only if the 
Prooslinkine 1S Cultve -Cxlensi Ve ueces scm ak CC sc hac 
eceur in mecnenical eee? 

fais -excermmental study investiscaves tne for= 
maton OL €emormeuicn Dends in 2. °theries-t Colyer 


~ 


Evie ri atte rat ab mieeal Liane S — ta Gune tee Cie mmOme sce ii 


etIssuomenvic SeconG thase, such &@S rubber = earticies, 


mreociornmation bang fornation, 
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JIT. EXFERIMHENTAL TECHNIQUIs 


A, Materials Investigated 

The material extensively studied was an epoxy 
2esin, BPON 828, an epichlorhydrin/bisphenol A 
product with an epoxide equivalent of 165-205, which 
iemecme1Gcrea FO be a representative Polymer oleae 
type. Folymerization of the resin was obtained by 
adding 5 pph by welght of Curing Agent D’, the tri-e- 
ethylrexanoate salt of DMP-30", A few tests were 
eomauMeted Ona Nigiiy cross-linked eooxy resin, ERLA 
4617, bis (2,3 eroxycyelorentyl ether) which was 
hardened by adding 5 oph by Weight of metaphenylene 
Seamane., Initially, a few tests were comducted on 
polystyrene, 

The second phase elastomer véerticles were 
moncon COvCOlymers of acrylonitrile and butadiene’ ””, 
iwo oarticle sizes of the HVcar tyweeCn i) weresuscce 
to modify the EFCN 528. Hycar CBTNX was used to 
modify the ERL: 4617. The rubber modified materials 
GConsisted of 10 poh by welght of the respective 
ellastomer. 


oe te a ee ee ee ee ee ee ee 


Mieda Dyettine: sae Chemical Co. New York, Nee 
ae Meo. Cyatne Umlcm Careice. COR, . New LOK 4 isi. 


Bune i ea sO meio am sat. “Go OCied cme le cule ao Ore, 


ClevelanGa. Cio. 


ie 
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CONVeSSMene occ ene 





J. Specimen Freraraticn 

The EFCN 28 and sodified HEON 825 clates were cast 
in a mold of two 12" by 12" glass plates secarated 
approximately 4 inch by a rubber gasket. Two curing 
methoacs were usec. The standard one was to cure at 120°C 
for two hours. The low temperature method was to cure at 


WAC ter tour hours, The clate was then cut intee.eine. 


& 


. 


Strics on @ band saw and the specimens were milled to 
Mm@icmaecsi mea Geometry, Initially, tae Svecimcis were 
Mmolimvenea bY Standard metallosrapnic tec2gioues, Laver 
it was found more efficient Ome a the CaS yoo eou ia s 
Meme bare, | Ine tave preserved tne=cnoota finish as 
mde cCacer masa does On the commercially availsacle iver 
Mmeelyowy tenis eeuse maleic Tiecro ra UlCime occ Unc mils 
@eteailead in Accendix C. 

Tre polystyrene srecimens were milled from a i 


mach thicx conmerical smeet rurchased from a clastic 


ae 


Supcly house, The modified and unmodified ERLA 46017 


: = EO 
Specimens were milled from plaétes precarec by Laibdle~. 
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ie 2b OCH cee Oe ua 


Fisure 1 snowS some of the specimens which were 
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that buckling occured just after the shear bands were 
visible, Tne Gouble notea solved sien Gendin wcrc ae 
but. the Sscecimnen Would ctl ouck Ve, sine toneraim 
lengztn of tne specimen was Gecreased from 1.375 to 

~oo Snemes and tne gage Vent) arom 0./ £0) ©, ommemer 
bit. bDne Sinesle mouchned ssecimens woule still Send vend 
buckle, and the double notched woulda occasionally 
buckle. Conseauently, the center hole specimen was used 
for most of the remaining tests. Tne stress concen- 

10 

meLion factor was reduced from 43.3% Or toetsineale 
move hh to eo TOlenenC Bowe SUC Ceimetmes nom Oller ied 
pected: the macroscoric band invelation stress, Later 
Mmuves 10UNad Loat no bending or buecKIin= @eecurs im any 
© the sbove Specimens at the microscovic band ini- 


maton Stress. 


Dee Docc TC Gmrecnus i calilon 
Mibvseeeamens verendesi¢netedsoy an alonaaciaceal 
eee a Ure emome: OUr diene Bunecr 2nd aanuner1 cal 


Siti The alpha Det Calerel axe 2eentifics sine Waveriat. 


C 


x Be ee ic Ley ie j ey re Ge = Ser aes V a. y vUL 
ine numoer identifies the cure, the ceometry, and the 
momnseccutave nurcer of tRemscecimen., (me sui ia xeces 
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Tene aed 


@) 
cy 


}-te 


Mocca Ccaly ii the scec: een annealed and retestec, 


oe Soy ere : t l ne ; 5 ro 
In the examzrle ee Me ae ae irate ae lg Ome eee 
indicates the basic material, L, and L, icentifry 


(eg 2 o 


ima OCT. ile ClaGt ener @uanuac le. Ny are! 


l, 


j-> 


Coveom Oem hee 


ie 








Ot sc ume. Ni, IGENLIites the Svecinen feone teams ecme 


d 


Ny, inaicate the number of the srecimen anc Ne indicates 
e 


the nunber of retests,. The materials and their iden-= 


Citi ying cCoeoges 2re 25 follows. 


B Bakelite, ERLA 4617 
Bax Bakelite, ERXLA 4617 modified with 


a+ 


10% Hycar CoTNx 


E EPON 828 
ERL EFON 828 modified with 10% Hycar 


Cer ete R= 1416 oder Ome f-) es Vis 
C227 Cues 475,00, 
eo EFON 823 modified with 10% Hycar CSTN, 
Lot R-151, Ephr 0.C5, Br Visi & 27°C 
Was ole COCO. 
i Polys irene 
Piercure 15 a¢enciiieo Sy Nay woe me zero (rerty blank) 
mor une stancsrc cure atv 120°C and is 1 for the low 
Memecravure CuPe at Tie Tem ene Tol Na ee aCe ies 


ieee SUCCILnen £ecmetry as follows. 


KOM Sea emvorc 1 

ox Doudle Notch 

One. Center Hole 

Ox X SOntrolmi ae Stress, Concert aLio) 
BeCwor) 
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Cy Testing ecneds 


lowes CONC MeSSy On lectcm 


ew eae eee 





Compression tests were cerformed with an Instron 
Testing macnine.- Initially, one end was placed on a 
Dell DearipewenvouroO ailow  homemi yore) Vac 
crecancies, However, the specimen's initial location 
meomcravical and ConlridvuleG loOspeeinge.” subse tuecming, 
mee slecimen was testec oetween two varallel faces, 
Repeated tests after chancing to the holed svecimen 
mecmcatved no Significant error Tromeune midline in- 
mecum@selCS, WOoL FLoSte were conduetec vat the crossmead 


O 
Mate of ,05 in,/min, ena recom temperature (23.5 C), 


2. Band Initiation Criteria 

ImMieiel attercts to relate Shieetmeoand 1eitieticn 
to tne loac-elongation curve slope were not precise, 
Therefore, shear band initiation was cetermined cn a 
Mimermosconpic level by visual ocbservetions anc on 2 
meer OSCOc+iCc Level by USin= a volariscoce for observa- 
mers. liewISEOOMNIScCC LO Obtain Nicroscezuie shear 
banc initiation was more reliable, but could only oe 
useaq on the transcarent materials, The less reliable 
method of visual observation naG to de used on the 


Miecouec naverials, 
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crossed field polarisceor-e Vath Witte ioc 
for Ceterminine tne wmircroccorle Jevelmon shear soand 
initiation. The specimen was loaded and then unloaded 
iO See 11 Sees eue ls tromnc wie wed. ‘lr one ESOC hPoOma be 
line was visible along the maximum shear strain exis, 
ine Shear Dana was considered initiated, Ii a fringe 
memouned Tor more than thirty secores 1b was Consaderce 
Residual strain, «“lcroscocic band initiation LS) aii 


4 


cated in the specimens of Figure e, 


bd. Test Tenoerature 
Varying temreratures were opdteined by vuttine the 
Svecimens in an environment att TC aewpen eee ies BCC Saree 
mor 10Ur Heurs and nen CQUickiy, West ersel 2uenooL 
temcerature. Svecimen tests were usually comcictea 
wrtcoln two minutes arter exrcosure Lo room Temcerature,. 


Tae nominal temceratures gare listea with their corres- 


monains Mix lures. 


Diy yoo near SOCrouy leeilcoae: -15 °C 
Salt and snow nc 
isopropyl alcohol ana water ents 4c 
Ice water 0-2°¢ 
Cven above 23.5 °C 
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III. EXPERIMENTAL RESULTS 


A. Deformation Band Initiation Stress 
1. Nominal Stress 

the momine Pb Stresses wywere Obtained (oye cda 1 Gane e 
load from the Instron Testing Machine by the minimum 
cross sectional area of the specimen, The nominal 
stresses required for deformation’ band initiation in the 
materials tested are tabulated in Tables I-V of Appendix B. 
The maximun nominal stress (Ox) is listed with the nominal 
macroscopic (0,,) and/or the microscopic (0,) initiation 
stress, The H or L immediately following a tabulated 
weve Indicates the nominal stress is high or tow due to 
paeeriovwn reason, i. Gs specimen poorly machined, specimen 
emacked during Lesting. specimen was not loaded to eee 
Setne band Initiation criteria wassexceeded during 


> 


loading. 


2 pele C255 Cle wesuieiliewl see sees 

Photoelastic techniaues indicated residual stresses 
existed after machining. Consequently, most specimens 
here ennealed at 100°C Ore thirty iImUe een lot Clem ccir= 
gone. A comparison of the various nominal stresses in 
annealed and unénnealed specimens milled from the same 


Best plate is shown in Table V1. No significant efirect 


is apparent. In the low temperature cured epoxy (E 16xx 
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series) the maximum nominal stress (O;) indicates less 
stress required in the annealed case, but both maximum 
stress averages are based on only two specimens for each 
eace,, he milcreose@ eae initiation stress average of this 
series is of the same magnitude with or without the 


residual stresses, 


5, wvotrain Rate Effect 


The variation in the band initiation stress for the 
various normal strain rates is listed in Table VII and 
shown in Figure 3. The normal strain rate was obtained 
by dividing the crosshead speed by the gage length of the 
specimen (0.6 inches), The variation in normal strain 
rate was obtained by using crosshead speeds of .005, .05 
and .5 in./min. The band initiation stress (05 ) Was ob- 
tained by multiplying the nominal microscopic stress 
(O,) by the appropriate stress concentration factor (SCF), 

there appears LO. oe 10 significant change in the 
EFON 828 between the low and medium strain rates, How- 
ever, the rubber modified epoxy indicates a greater 
strain rate dependancy than the unmodified epoxy. Tne 
initiation stresses senerally increase as the strain 


rate increases, 


4. Variation with Test Temperature 


The band initiation stress (05) increases as tem- 
perature decreases, Figure 4 irdicates the relation for 


el 





© EPON 828 


A EPON 628 with small rubber particles 


C5 - BAND INITIATION STRESS (KSI) 





Os 05 0D 
CROSSHEAD RATE (in./min,) 


0087 083 83 
NORMAL STRAIN RATE ( €) 


PIGURE 3. VARIATION OF INITIATION STRESS WITH STRAIN 
RATE. 
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© EFON 828 (E 6xx) 


QA EFON 828 with small rubber 


: 
I 


he eve anes (sets! Geos 
36 
7 
~~? Q 
fat 
YD 
S4 
=~ A 
YW) 
ww 
ea 
= 28 
Y) 
S oO 
Ht = 
5 4 
Ex 
KH 
A 2A — 
5 a O 
<< 
CQ 
' 
C4) 
iz ] 
O 
i 
16 A : 
- 3 | Se a elle En bo eS 
~60 = 30 O 30 60 


TEST TEMFERATURE (°C) 


FIGURE 4. DEFENDENCE OF INITIATION STRESS ON fkST 


TEMPERATURE, 
oo 





both EPON 628 and EFON 828 modified with small rubber 
particles, The band initiation stress in the modified 
epoxy appears to increase at a faster rate than the EPON 


828 as. the temperature decreases, 


2. Variation with Cure Temperature 
oO Gera i Paci Gta stress, in the rubber modified 


EPON 528 was normalized to EFON 828 for both SUT ia. 
temperatures, Figure 5 indicates that the bands in the 
EPON 828 with the small rubber particles initiate at 
85 and 82% of those in the EPON 808 for the hich and 
low temperature cures, respectively. The low temperature 
cured EPON 828 with the small particles was translucent 
while the high temperature cured EPON 828 wag transparent, 
For the EPON 828 with large rubber particles, the . 
macroscopic initiation stress (0. was almost constant 
in the few specimens tested, 

A difference of 3.3 ksi was observed between 
macroscopic and microscopic initiation in EPON 828, 
Using a 3.3 ksi difference, a NVeRGeCoOn lcm tc curor 
stress was obtained for EFON 828 with the large rubber 
particles, This estimated value for Me Crosse Oecd Cresta tale 


tion stress (O|) was used for the comparison in Pieure 5. 


6. Stress Concentration Factor (SCF) 


i I I Seta es gp tines gn 


Specimen geometry is very critical in the area of 


o4 


Op 
OB EPON 828 


NORMALIZED INITIATION STRESS 


FIGURE 


O EFCN 528 


HEON G26 with small rubver particles 


O EFON 828 with large rubber varticles 
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Cure Temvrerature ( C) 


VaAniTATICN 


wlTH CURs 


Ca NCrii sei UN PiRVAl TON Se tae 


Teer evalu, 


a stress concentration, To examine Taesaccurac er ams 
band initiation stress, the test results of single 
notched specimens were compared to those of holed spec- 
imens. The band initiation stresses were 30.0 - 31.5 ksi 


for a SCF of 3;3 and 2542 - 2gNe) ksi for @ SCP chee so. 


Pee ourensungeat ter Annealing 

Several specimens were tested, annealed, and 
retested. A few were annealed and retested a second 
time. All specimens were annealed at 100°C for 7O 
minutes before retesting. The eed ite are tabulated in 
fable X. Most of the nominal stresses were reduced as 
the number of tests increased, There were some excep- 
tions where the strength was greater on the second 
test than the first. The most notable groups were the 


high temverature cured EPON 828 (E 6xx) and EPON 828 


modified with small rubber particles (ERS 6xx), 


a 


ee band Characteristics 

ieee ae 

Strains im the bands were measured by a technique 
from Whitney®. Figure 6 shows the measurement of strain 
in an EPON 625 center holed specimen, Actually, this 
eEprain measurement is of the yield zone. Strains of 60% 


Mere observed in the motecned Specimen, but strains in 


Bewes anitiatvea from a circular mole were Gemeraliy ess 
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Displecement 
ShHeCSmewelLrain = 





Be Cee Gia 
recent O64 SHaak STRAIN IN AN 


ErON G28 DEFORMATION BAND. 


ca 








with an approximate maximum of 30%, The band strain is 
dependent upon the time and amount of loading. Specimens 
loaded for a longer time or to a higher load showed greater 
band propagation and higher band strain, 

Ficure ( shows a2 novened Srecimen Wwiieae yeu 
loaded at maximum load. Figures 8 and 9 show the re- 


sidual strains under polarized vent. 


eee On St Olinase old eed 
Several shear bands were observed under an optical 
microscope and the propagation angle varied from 37-47 
degrees from the principal stress axis weer isures 10 and 
tt are micrograpns showing, some tye eneles of 


prove sation, 


On Veta Onn nu meene er 1 aa 7 es 
The yield zone was more diffuse in epoxy than poly- 

Sry ene . Observations Prom @ polar i Zide Mien osecowe 

indicate the yield ene i) BRON G2Zomars several bands in 

a band packet as noted by Argon, et ea The yield 

zone in ERLA 4617 apveared less diffuse than in epoxy. 

The low temperature cured EFON 828 and the unmodified 

ERLA 4617 appeared more brittle. The initiation stresses 

mene larger and both eracked vertically as shown an 


[eure i2, Tadle AL shows a2 comparison of the band 


initiation stresses, 
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D, Fracture surface Work 

The fracture energy (0) was calculated for the 
various cures and modifications of EPON 828 by a method 
to be documented by See The results are listed in 


mapte ALL. 


Bo 





IV. wviSCUSSION AND CONCLUSIONS 


Be o Variation Of Bano Vii om obroos 

Il. Eifects of Residualeoiuesses 

The polariscope indicated a maximum residual strain 

equivalent to two isochromatic Pines after machining, 
Mors indicates the residual compressive stress varied 
imron Zero to almost 200 psi, However, the results in 
Table VI indicate a majority of the specimens required a 
higher initiation stress with the residual stresses 
present. Therefore, one must conclude either the dif- 
ferences are within the experimental error or the an- 
Mealing changes tne properties of the material, The 
iPteueremighit be tne case for the low temperature eured 
EFON 828 (E 16xx). The three unannealed specimens 
appeared to be more OriGene erac Kine (elo Semmes mum 
load, The vertical cracks are shown in Figure 12. 
However, the initiation stress was not altered signi- 
Ficantly, so one must conclude the effects of residual 
stresses are minor and/or not detectable by this test- 


ing method, 


2, Strain Rate and Test Tenrerature 
Only EFCN 828 and EFON 828 with 10% small rubber 
meerticies were tested at various strain rates and tem- 


peratures, The initiation stress shows tne time-temper- 
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ature dependence as exrected in a visco-elastic material. 
Figures 3 and 4 indicate the equivalent temperature for 

a 0,833 strain rate is 8 and 15°C for EPON 828 and EPON 
828 with 10% small rubber particles, respectively. The 
lower strain rate is less sensitive showing an equivalent 
temperature of about 32°C for the modified EFON and no 
Sienificant change from the .0833 strain rate for EFON 
828, An exvonential relation between initiation stress 
and strain Ra vies iow lO wexp lain CNG ees ee SCiiod Ully at emcre 
Impl’ strain rates. 

Puree vio me loaLves Lewin iy law Omms re scm On Oe 
linear with resvect to the inverse of temrerature, The 
Seescrehancy of tne data at a ~7Th°C cS ORODa Dea alle bo 
the temperature of the specimen increasing before oe 
moeewas Completed, ihe slight discrepancy at a2 eG 
mamorovably Gue to the increase in strain rate. The 
crosshead rate was increased to .2 in./min. at the two 
lower temperatures, -21 and See to aecrease the ex- 
posure time at room temperature prior to test comnple- 
ton. 

The initial attempt to identity tne stress for 
shear band initiation to an exnonential tyce relation 
is shown in Figure 14. One might conclude two processes 
pac, OCCUrYrING With one Gominatane above 10 ¢ Ebi 


| 6 
euler dominating below a —10 ©, ite variation 1s the 


aT 
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VARIATION OF INITIATION STRESS WITH THE 


INVERSE OF TEMPERATURE, 
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Same in both the modifiedwand sa dodit ted Cpoxy. There- 
fore, the controlling processes or mechanisms must be 
Gue to the matrix. It could be due to immobilization 
ef molecular chain segments. Althousn further tesnimc 
may substantiate this conclusion, one must conclude from 
the vresent data that shear band initiation stress 
follows a relation similar to equation (1) 

mie 03 = 0 +m (1/T) 
where m is the slope and 0, is the intercevt of the 
stress axis. The values for the slope and intercenvt are 
probably devendent upon material and such that the 


band initiation stress is equal to the theoretical 


strenctn at absolute zero, 


Dee Cling Leiter UEeC war ecus 


Exveriments by Sultan and eCueena nave indicated 
that cure temperature has bittle corse ehrect On peaebic ie 
size for a CBTN with a molecular weight of 5800 when 
cured with 4 pph Curing Agent D. However, the low 
temperature cured EFON 828 modified with small rubber 
particles was less transparent which might indicate a 
paeemt increase in tne size of tne rubber particies, 

ie reduced  CURmine vemperatire amici, allow a 
iresneledetree Of @lOlN Mertz One dlc le OrOba oly se Treasies 


the molecular weight and strength of the EFON 828. 


The increase of band initiation stress in low temrerature 
cured EPON 828 and EPON 828 modified with small rubber 
particles is shown in Table IAs howe ver tier es cma 
apparent explanation for the cure temperature insensi- 
tivity of the initiation stress in EPON 828 modified with 
the large rubber particles. It is noted that the 
material was opaque and band initiation was determined 


Smathne macroscopue Level. 


4, Stress Concentration Factor 

There is 700-800 psi difference in band initia- 
tion stress between the holed and notched specimens, 
This is probably due to the holed specimens having an 
Gertie! SLress concentration factor ereater than 2,555 
Pac roscopie Comperison of the machined surfaces “== 
pnawcates the hole to have greater surface imperfections 
than the notch. Consequently, the ectual band ini- 
tiation stresses for the holed specimens are probably 
pemewnal preater than reported Nere,. 

ieires NOvdidat ly InGgiCate Mmelticr tie neve menor 
the hole to be completely smooth. Microscovic stress 
concentrations cause the bands to initiate at points 
eway iron the theoretical maximum stress concentration 


such as the bottom of the notch, 


AY 





B. Strength after Annealing and Retesting 
Annealed specimens appeared unchanged from the 
eriginal untested Condgition Alt hous ae scetc esc ece ume mc 
showed an increase in strength, most indicated reduced 
etrength upon retesting., All Specimens Showed reaueed 
mEeeenetn Moen Lae timirea test, Une vaAvergee  ceductveneen 
Bireneun DeELWeen LWO successive tests is listed in 
more ALIiT and the resuits are inconclusive. However, 
mois the Opinion of the author that the density in the 
area of band propagation is decreased due to "minute" 
voids formed when local chains or crosslinks break, 
The voids are probably due to the few per cent of mo- 


lecular cheins or crosslinks that break and do not 


mecorm during stress relaxation, Onee 4a break occurs, 


_ the chain relaxes and the local free volume, in the area 


of the break, increases, As adjacent chains relax 

(preak and reform), the local material undergoes flow. 
Newt Ol the Localized flow is due to the breaking of 
secondary bonds (Van der Waals) which is recoverable 

Meon annealing. However, the molecular chains that de 
men retorm or reform in a different location upon stress 
relaxation and annealing are responsible for Lie WSsteemecn 


deterioration, 


4 


C. Band Characteristics 

The angele and memner of band Pronacat i Onmanemia 
meally not De Consi Gechedmamucuaty aged se D Oram 
moet in the case of Dlat silicom steclecpecinenc the 
parallel slip lines developed at certain equal intervals. 
He also reported the flow lines did not become thicker 
Pimeer tney appeared On the sides of the {lame Sar.) but 
mee eo Slanec a>@ewmece oeclLiCem tie Slip lines already 
formed. Nadas! also vredicted that Luders' lines must 
be expected in other metals if the material has a well- 
fewaned Yield point ana a slignt stress concentration 
helping to start or develop these single plastic layers, 

Tene reagcenccw iat VMere NUSt De auconGr cued 
Geei-e per cent in the flow line because the bounding 
Memeor toe test piece Goes not change its dimensions, 
Me aiso reported that the angle of slip lines with axis 
of the svecimen was usually a little greater (47°) in 
mae Case of tension and a little less then 45 derrees 


fomerne case of comocression. 


Bs 


Piney” one Se 2On ecu 21, heave Tecoruee (si 
meer Observations in thermovlastic polymers, Similar 
characteristics have been observed in thermoset polymers. 
Therefore, it seems reasonable to conclude that these 
mmeoy Lines could be observed in oat materialss Al= 


thousch the necessary conditions to form flow lines are 


not understood, a well-defined yield point and a means 


of stress concentration appear to be sufficient, 


ie otress Criteria tor ipand) Initiation 
1, Mohrs' Theory of Strength 
"The condition under which solid materials 
begin to deform permanently or a stressed body 
breaks according to Otto Mohr can be formu- 
lated in a general manner. A material may fail 
EAUner tirouea sola ciiC sed Om Dy “I racruce 
when either the shearing stress (©) in the 
plenes of slip has increased to a certain valve 
Woven i £eneraieaw i) Me cenenad a1 26 hem Tie moma 
stress (0) acting across the same planes 
or wien the largest tensile normal stress 
nas reacnead a limiting value dependent uncon 
ane 


the material. 


according to “ohr, the largest principal circle 


{ 


represent the states of stress at the limits of plasti- 
uy Or at the limits of fracture and nave an enveloping 
@urve woich is represented in Figure 15 by the two ten-= 
gential lines. Argon, et ae used a special case of 
tee Mohr Theory of Streneth to justify the band angles 
in polystyrene of 38 degrees in tension and 52 dersrees 


in compression tests, 


1d; 





gamowmieas «8 «3D «mes ow cub == oe 





meeGURE 15, 


MOHR ENVELOPE, 





a5 





Case ONCaY Goewe > es Ber cea 

The Mohr Theory cl Strengt 1s peopaolyeopolicaple 
to the thermoset polymers. The Mohr Theory does predict 
fae COMPDressive yiela stress to exceed the Gensites, tele 
stress wnich is commonly known. No bands were formed 
in tension in the unmodified EFON 828, but the angele of 
the bends in compression varied from 37-47 derrees, 
Figures 10 and 11 indicate most bands initiated at an 
angle less than 45 degrees, Some angles increased after 
Eenaticant band propagation, The change in angie is 
due to the local changes in the stress field. Maximun 
Seer Contours ior @ Hele in Hookean solids indicate the 
orientation of the shear plane is different for each 
Moeimt on the contour... A figure by Sternstein et al 
indicates the maximum shear plene for uniaxial tension 
to be at an angle much less than 4s? adjacent to the 
Seae of the hole, 

Assuming the wlohr Envelope to define the maximum 
enmear stress and knowing bands do not initiate 2 
tension, one might select a shear stress OG) 2S) tale 
@eeveria ior band initiation. .Figure 15 indicates that 

TT. > Ty 7 UG, and the bands should not initiate in 
Memsion. This idea of a snear stress criteria was 


Suggested by Sultan and Necarry | 





Je ffects of Rubber Farticles 
a, Variation of Initiation Stress with 
LES Sem pera Guia. 

The rubber particles should cause some stress 
Boncentration@i actor due toltie Pondin= DOUndaa eon 
Paiem@. UNC particles are aii Pubpbery ane. proven mcw 
not attain the theoretical maximum stress concentration. 
The maximum theoretical stress concentration for a sphere 
fen infinite body in uniexiel tension is two and is 
located at the equator, However, if tne particles are 
bonded to the matrix they should exert a radial tensile 
eimeccs On the matrix aque to their higher thermal cociii-= 
erents of expnansion. This would cause the eroxy intver- 
moaee LO be under tangenvLial compression or a Compressive 

ie, 
hoop stress at the eauator. Beck et al Caleulavedne 
compressive stress of 3643 psi for impact volystyrene 
ee. LEMperature 50°C below the formine temperature. 


Figure 16 shows wohrs' 


Carcle mor tae tote. 

eee 0 
meaues Of applied initiation stress at 235 C for the 
EFON 828 and eroxy modified with small rubber particles, 
AS the temrerature decreases the compressive stress in 
Weert ied epoxy will increase and a larger e@nclied stress 
will be required to initiate shear bands. Since the 
Meacrix properties vary with test temperature, conclu- 


sions can only be made by comparing the initiation 


stresses in the modified and unmodified epoxy. There- 


A? 





O EPON 828 


A EFON 628 with small rubber particles 
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fore, the initiation stress Oo: (he modi tedwere. saaouna 
approach that of tnepunmnedil ied Fane iene awe 
this is the case if the data point at a -74°C is ignored, 
Also, the ratio of the modified to unmodified initia- 
tion stresses should approach unity as the temrerature 
decreases, Figure 1/7 indicates this may be the case on 
&@ qualitative basis, The data at -T4°C is probably in 
Seror, but no apparent reason is known for the sudden 
Grop in the ratio of the two specimen series, 
Quentitative studies based on the difference of 
Pwr 1tation stresses were inconclusive. Calculations 
ieeed On a constant SCF for the rubber oarticies and 
Pmeeucdinge Or not inclua@inge the compressive test farted 
to obtain the same shear stress criteria as observed 
ioecnie matrix, The calculations, includin=s the ee 
Sive stress, were at best estimates since this stress 


free) 1S only a few per cent of the apolied stress and 


the experimental data has around 5 rer cent scatter. 


b. Variation of Initiation Stress with 
Strain Rate 
Figures 3 and 4 snow the correlation between strain 
rate and temrerature wnich is as expected from the time 
temperature supervcosition principle. Nowever, by com- 


paring the modified to the unmodified epoxy the change 


in initiation stress due to time and temperature should 
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be norinalized and only the difference of initiation 
stresses shoulcycnance thes cee om sa lewc mi. eel none 
was Gone in Figures 17 and 18. These figures indicate 
the difference in initiation Stress to be mormeustrein 
rate sensitive than temperature sensitive. This data 
moo Gualitelivety Confirms the idea col a compresas 
Beeress by the rubber particles, but the quantitative 
agifference in initiation stress connot be related to 
the compressive stress due to the rubber rarticles. 
Peso, the increase in strain rate sensitivity is not 
preaicted if the only change is a linear change in 


the compressive stress with temperature. 
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Cure Temperature 

If the cure temperature is decreased, the compre- 
ssive stress of tne ou: pent iedles On tne matrix 
should decrease because the difference between tne 
Morning temperature and test temperature is recuced,, 
Consesuentiy, the initiation stress should increase as 
the cure temperature is decreased, Once again changes 
eee noved an the matrix ana only the difference of 
initiation SlLresses Or tied ravlo 1S ai sau roor re ve 
comparison. The ratio should approach unity as the 
cure temperature approacnes test temperature. 


Hale ITA andscaves ai 1ieveace (OG wl 2c iy mc 
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FIGURE 18. VARIATION OF MODIFIED TO UNMODIFIED INITIATION 


SURESS RATIO wiTH STRAIN RATE, 
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epoxy with small particles by changing the cure ten- 
perature from 120 to 74°G, However, the initiation 
stress of the EPON 828 increased by 1.6 ksi and the 
ratio tends away from unity as the cure temperature 
mecreases. 

Earlier ipevaie Vevcr.. 10 Was snoOLpedstiat tae 
mMomecular weichiwen themepexy ane tie Tu oper partic te 
paeze may Chanse with cure Gempcrature. There are 
several other variables wnose influence is unknown, 
mien vemperature intlwence on the curing accent may be 
important. Gonseauently, any conclusions from tests 
Meng Cure temperature Vearialions might not be justi- 


eral eC. 


E, Deformation Mechanisa | 
WarLOUS ImeChail Toit Cre S1CldiiGen Cla oca ol cis 
Memes been proposed end partially justified. The shear 
stress criteria for band initiation anpears to be in the 
Same category. The criteria for shear flow should depend 
upon shear stress. A shear stress criteria when couvled 
wee the Mohr Theory of Strength appear sufficient to 
explain shear band initiation in EFON 828. Some queli- 
tative comparisons between rubvber modified and unmodified 
emoxy tend to suppor. the snear stress criteria Tor 
Med anitiation in rupber modified epoxy. However, quan- 


. 


Moov lvesstudies could not Supvort this criteria when 


ao 


the rubber paricies were aescuned ondiway Ome. Ueome onl 
pressive stress on the matrix. Furthermore, qualitative 
and quantitative studies indicate that the rubber par- 
fe Les a0 not act simply as a constant stress concen- 
Gration mechanism. 

Yielding sor spar winiItsat wen in Cherioses jf olwsicids 
ms known to be a function of time, temperature, strain 
Mane and propably pressure. The band initiation strese¢e 
in EFON 828 seems to have a limited analogy to the 

20 
Phariure of mild steel proposed by Nedai . He stated 
taat after the resistance of the reiniorcing frame 
around the ferrite grains has been diminisned the latter 
Eee Severely deiorined by snear and their lattice struc-— 
mee 1S further damaged within the regions of the tGiin 
Meavers in which the plastic distortion is docatized, 
PHeenelogy might apoly to tne interlocked, coiled mole-— 
cules of colymers. Upon the separation of these inter- 
locks (may be covalent bonds) a few chains are probably 
meemren and tien tae molecular chains may elongate by 
@mocnteting. 

Piemielceulam activity Bo or ecocure . suelce! aime. 
strain and strain rate dependent. It must be tnis 
weeivity wiilen controls the interlocking forces. The 
Memccular activity is easily cnhenced by varying mole- 
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eylar weight, cross linking and type of volymerization. 
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ihe exact Antlucnee vo) vo per particles upon local 
MO CCW erat aC Gy ince © Gerken Oniaee 

if we assume thewianterlocking force 2 or pe scevmemn 
bonds, the dissociation energies are of the order of 50- 
200 kcals/mole. The energy to break the C-C aliphatic 
bond is 60-70 kcals/mole. Values for the activation 
energy of shear bands is believed to be in the 20-40 
kceals/mole range. Consequently, either a weaker Die iivayte yi 
Wem exists in the Chaim or the dissociation energy is 
somehow decreased when shear bands initiate, 

Another unlikely possibility is that shear band 
Poeiealbion 1S controlled by the intermolecular cohesion 
iMemeoes Which are @€ue Vos combination Ol woce ondary 
merces; Van der waals, Divole, Induction and Disper-~_-_ 
sem HOrces, This woul@ecanse band anitiatren to.pe 
temperature, time, strain rate and pressure dependent. 
However, it does not account for the loss of strength upon 
emmcaling and retesting. 

It is possible that rubber particles do somehow 
fori weaker bonds and the 10% rubber added could easily 
account for the 0-5% loss of strength. However, this 
Meenanism Cannot account tor the loss of strength in 
unmodified EFON 828 unless minute amounts of impurities 
(maybe water) also cause the formation of weak bonds. 


The author's opinion is that shear bands initiate 
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due to a reduction in the dissociation energy of the 
primary bond, Rectan showed that the dependence of 
tensile yield stress upon temperature and rate of strain 
€ould be described a Ceriic Gl et te nee— tigi miei 
process theory. A good fit between experiments and 
boeory could be obtained only ii two processes were con-— 
sidered. He found the activation energy of the segmental 
process to be 98 and 32 kcals/mole with the higher acti- 
WemeroOn enersy process @pvearing to predominate in the 
peeasSy SvLate and the lower @ctivation enerzy orocess et 
imeeoer Lemperatures, 

Peete indicates that stress alone is capable 
Of aepressings the glass transition. Thus, stress level, 
frempicd witn the rule of mixtures for determining the 
glass transition temperature (T.,) copolymers, exclains 
img, Of the experimental results. First, the mixing of 
rubber particles lowers ‘ ao Cie rucber vertic le matri 
mieeriace wnere snear bands orobably initiate, Tne 
mpored clastic energy will tnen propacate it Similar Oo 
the propacation of a crack. If the propagation is 
arrested, the elastic energy will again be stored and 4 
Mere concer Dand will initgave wnen tne critical stress 
evel is reached, yYne amount of stress reguired to obtain 
ee Prooeaoly Varies wWita thie inverse of tent erauure. 


it Une ratte sor the “elaste@uer vO) treme ret) ai) ie 


Wy 


ad 


miperlace is eassuimed Censtant, wie T- saeuld be Lowest in 
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the EPON 828 with the large rubber particles, This 
is due to the increased amount of Dutadiene jae biemtewa> 
elastomer which lowers its glass transition temperature. 
In the low temperature cured epoxy, the increased 
mOLECUIaY Welehnioa may ineregce TO and thereby the ini- 
tiation stress. The rubber particles decrease qe but 
not to the same level as before. This is indicated by 
an increase in the stress level to form bands in modified 
macmunmaccitied specimens with a low temperature cure, 
The strain rate, pressure, temperature and time 
Sependence of shear band initiation is aiso greatly in- 
mimencea by the intermolecular conesion forces, Thus, 
m@em revel of molecular activity and the dissociation 
eercey of primary bonds are pelirevea to be tne Controll— 


iememechamisin foresheameoand initiation. 





Ve SUGGESTIONS 7 On U TUE ern 


ae. EL fects vol Rubper eo eesc es 

Further study into the mechanism or banda eit red 
ama the influence of the Tubber wverlicieay ieee cama ede 
Further investigations are required to determine the 
stress concentration factor caused by the rubber varticies 
anda its variation with stress, time and temrerature, 
An initial value can be obtained by performing a con- 
meecsive test at the cure temperature. 

HUGE OCr SLU (Otmumemecocece OV addin sruoper 
Pemoracles and their macromolecular influence on the dis- 
Sociation enersy of the primary and secondary bonds. 


foes Study shoulda inelude large ruboer varticles, 


De sctivation anergy end Volume 


Piewaculva LOU semen sollOulG bDeUObtle mica a OP mea) lac 
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and unnodified epoxy to insure the same mechanisn 
meepoisiole for band initiation. The activation volume 
Bees d also be Obtained to indicate the unit volume of 


fmmow, J.C, CN8in Sesment leneth. The ectivetion energy 


and volume are probably stress and temperature denendent, 


©. shear Stress Criteria. 
It appears that there exists some critical snear 
oeereos at which bends will initiate. It is dependent 


upon Many parameters and the quantitative variation 
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APPENDIX A 


DEFINITION OF SYMBOLS 


puLress, CONG entities iGlom sia cia 
Normal Strain 

Normal Strain Rate 

Prac uuicer purr ace av Olk 


Band Im tiation ource= (Local Stresemsas 
Microscovic Shear Band Initiation) 


05 = SCF xX OF 


Nominal Stress at Microscopic snea 


band ina tiatLoem 


Nominal Stress at Macroscopic Shear 


Band Initiation 


Maximum Nominal Stress 
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AFPENDIX B 


TABULATED RESULTS 


ibe ea 


NOMINAL STRESS VALUES FOR BAKELITE, ERLA 4617 


Test Crosshead 
specimen On C., 0, — er Notes 


on eee ee ee we ee a a € oes ED 


(ksi) (ksi) (ksi) ([C ) (in/min ) 








B 001 28.30 st 1,2 
002 23.90 ine 
600 25,20 Ee 
601 28.70 , 1,2 
BRX 600 25.56 19.46H ie 
601 25.42 19,.55H ae 
602 21.00 20,00H 4,2 


603 20.75 19ers 
y A biank in prece columns indicates the tests 
were conducted at the standard temperature of 
23.5°C and a crosshesed rate of SO Sm ie il a. 
Note 1 This specimen was tested using the Onan 
bearing base to insure parallel faces, 


Note 2 The residual stresses from machining were not 


annealed Tron vais specimen, 
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opecimen 


E O43 
O44 
O46 
O45 
O47 
O48 
501 
50? 
601 
602 
603 
604 
605 
606 
607 
608 
609 
610 
611 
612 


On 


(ksi ) 
12.40 


12.33 


ener 
11.68 
aes 
12,65 
12,42 


fics 2) 


15.40 
[Boles 
16505 


TABLE IJ 


On 





(ksi ) 


11.14 


cise 


11.68 
11.49 
aloe 


14,05 
T4.90 
a O 
Po © 
15.350 
lmao 
155956 
ete 


ere oral 


14.85 
eee 


NOMINAL STRESS VALUES FOR EPON 828 


Test Crosshead 


m 


9.54 
9.12 


9.12 
9.42 
9.08 


Ve OO Gs 


Temp 
(ksi) (°c) 


Rate 
(in/min) 


se 


Notes 





2,4 
ee 
og Ot 
2,4 
2,4 
eine 
1,234) 
2 
Lees 
ieee 
Age yt 
1,2,4 
1,2,4 
1,2,4 
1,2,4 
eer 
1,294 
2,4 
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Specimen 


613 
614 
ons 
616 
617 
618 
619 
620 
621 
622 
627 
624 
625 
626 
627 
628 
moe 
630 
651 
632 
633 
634 
O55 
636 





O7 





(xsi) 


lee 


V5e40le 
17210 
17.210 
lowe OL 
16.15 
16.30 
cae 
15.80 
16.30L 


16.151 


“V1ERo 


14,60 
14,78 
ee 
14.95 
14.85 
Lee 0 


10.80 


1 





(ksi) 
14,10 
14,00 


15.57 


EOS 


16.34 


16,20 
Howie 


oreo 


13.90 
14,50 
13.55 
13.85 
14,00 


sy 





(ksi) 


ioe! 


14,00 


litreeOes 


11.00H 
10.20 


10,508 


Oe > 


-16 
-16 
-16 
~16 
-16 
ae 
oo 
50 
BO 
50 
50 
100 
1CC 
100 
100 


Ce 


Crosshead 


Rate 
(in/min) 


S$. 


Notes 
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specimen 





Ox 


—4 
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~s 





(ksi) 
ege Sy) 


Liane 


14,09 
ae 
[eracle 
13.76 





iv in 


ee = So 


(ksi) (ksi) 


7.C8 
eae 
ae’ 
9.037 
Sei, 
S25 
8.30 
1 ha33 
11.26 
9.86 
G87 
9.56 


- 
ey o, 
9) gee, 2: 
©) eo}: 
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@ 
\O 
© 
+o 


Test 

Lemp 

oe 
(2 
te 
ee 
DG 
50 
DO 
50 


NO 


Crosshead 


(in/min) 


Notes 
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12.600H 
12,03 
Wes 
135-40 


ees 


13.35 
1 See 


l2q2 


en 
au 


(xsi) 
13.86 
oer 
I oaes 
Ree 
Tonos 
17.86 
oreo On. 
None 
(oe20L 
(ohio 


LOT oer 


\O 
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oO; 
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\O S 
6 © 

\O © 
4 1 


ie) 


e 
(x) 
WI 


(2.054 
Ores 0 
1c. 59 
LC D> 
LO 


10.1 32, 


Test 
Temp 
(°C) 
-2} 
~P 1 


-2 | 


Crossheadg 
Kate 


(injmin) 


Notes 
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specimen 


ne 


eee 


(ksi) 


ip 50c 
lem vO 
lowe 
12.50 
emo 
1 20 


12.48 


15.50 
hen 50 


(xsi) 


Cn 





(ksi) 


11.44 
ilo 
11.40 
11.40 
11.49 
nee 
11.60 
lloeoe 
2 S508 
lie © 
12.05 
11.50 
13.20H 
ears 
ha Oon 


eo 


Test 
Temp 


(cies) 


Crossneaad 
Rate 


(in/min) 


Notes 


ieee 
eee 
1,2,4 
ee 
1,2,4 
1,2,4 


ino 


SB Ee 


OV nm 
LOr 

















specimen Or; B 
iecriae) (ksi) 

meeoit=1 13470 11.10 FP 
ie 1g 60 10.96 E 
ei 5=4 14.05 11,05 i 
614-1 14,00 eels! dy 
646-1 irre Ome a 
647 -1 iene 10.55 
648-1 14.10 ene 
649-1 Loe 2o POSE 
650-1 13.40 10, 40 
651-1 U6 D1. 
1603-1 14.70 Gos 
1604-1 14.50 i te 
1605-1 14,20 Lone | 
1606-1 Vaio Ose 
1607-1 14,60 iene 
ee =2 13.50 10.96 4 
611-2 ery, 10.68 dy 
612-2 14.30 eet » 
613-2 ee o 10.65 4 
a= es LOn7 rl 


Poe NOves 1 & c See TOoGgnoles om taole 2. 
Note 3 SLeCIMen, Wee Ou Weare er, 
Note 4 Milied from E xxx cast-plate #1 vice #2. 


ie 





tele Ta 


NOMINAL STAsaS VAUUES Om rr Chess 


WITH 10% LaRGh aUBSCre aap. 











Seecimen O-- 0. 0. Notes 
a ay eee cule Teno Xue aa 
ERL OC1 ene % “i ae 

002 10,00 12 
CO% 9.68 ie 
004 On 0 ae 
005 10,88 ee 
CO6 10,96 12 
601 ee) ee C 
602 1 on oS ee e 
COs iene lietemlbe ts a 
604 1 Se6€ 10./0L 

605 ene ert, O 

606 12650 oe 

ey 14,140 C 

SCe ere (2700 O 

16C0 12.73 tes Oy 

16C1 12,45 is © 

1602 legs 2 WZeet lhc 

1602 1205 

16C4% ea [ 11.41 

1605 = 12,25 

1606 lowe 2D ii $32 


(1 





Test Crosshead 
Svecinen O.. OF oe Notes 
Jem nate 





meee me ee ee ee ee 








— ee 
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(ksi) (xsi) Gaci oe a 7me a 


ERL 16C7 st a 4 
16C8 5 
601-1 12490 
602-1 eee ie 2 @ 
603-1 13,00 Lee 
6C4— } 11,00 1ey20 
605-1 Ores nO 
65CO-1 1 C.a5 
607-1 (TONGS 1G ale 
608-1 10.88 TOMI 
160C~ j aoe iC .9g8 
1601-1 mrxsle VO Mee 
1602-1 Wien Helmet 
15C3-1 i lees WO 
1EC4-1 eo) 10510 
1605-1 1 ie 10.70 
16C6-1 11.45 1G. a0 
601-2 lee me 
602-2 11.40 FOO 
603-2 11.40 10,66 
PeeerOucs 7 ¢ 2 pee footnotes or Table Il 
ioLe 5 Srecinen was not testec, 


ee 





ie de 
NOwINab STRESS VALUSS FOR EFON 628 
WITH 10% SMALL RUBBER PART Gis) 
Test Crossheaed 


ocecimen Ors oF on Notes 
Tene Rate 


ee on a ee ee ee PD Ee ge ee ee eee ee ee a 


(ksi) CxS si ee ee ae 


Na 


ERS 6600 2c 0.08H % cS 

601 12.20 B52 

602 12.02 7.93 

60% 122 7 oH 

604 120 8.40 

605 Vex 10 ero 

606 160 % 
607 100 4 
608 —s 

609 Co 

610 75 

611 E.92 3.34 ie 

612 Pipe 6.92 50 

615 ies 6.56 SC 

614 wenn 6.86 50 

615 14.03 S10 BC 

616 LOO 5 
oan 100 4 
618 Lone 1Omae 2 

61S 13.12 O72 2 


ic 





Sreciiren 0. Ce om Neowes 


ee ee ee a oe sm ee Se ee eee ee ee 





Ae a —aee = eo ee 


(ksi) (ksij (ksi) (2G) tetas) 


ERS 620 12.90 10,60 2 
621 12,60 GL 2 
622 12,80 Vonea2 2 
623 12 10,42 2 
624 15375) (4 a 
625 14,80L -74 2 
626 15-076 ~7 4 ne 
627 16490 -74 a2 
625 ioc Va74 A 
629 16.12 ~-74 2 
630 8.34 ae 
631 12203 8453 2 
Soe 11.¢5 8440 2 
633 14,92H -21 a2 
634 i5,00H -21 ne 
Ge> laeee ~2 1 ce 
636 12,70 =-21 we 
o5i/ 12,84 -24 ee 
Soo.) 1oeec 8.17 ~C05 
639 Cana Shee 005 
640 10,34 8442 Bees 
641 10,56 8.14 0OC5 
640 10.15 Tare ~CC5 
64% rotor 7.84 005 
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a Come er 


ae ee a ee ee 


EXS 


6h 
645 


OT 





(xs 4) 
1 i365 
12.40 
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12,20 
11.96 
tees © 
11.70 
[2a 


iets 
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(Oges 
ore 
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OD AN! © 
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a4 6 


ON 
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eeso 
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Crossnead 
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(Geren sa) 
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2D 
0D 
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Notes 
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ER. 6031~1 
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Note 3 


a ee Oe 
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Notes 
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TABLE V 


NOWINSL STRESS VALUES FOX POLYSTYRENE 


Test  Gmessgead 
precimen Cis O.. Os. Notes 
i Lene Rae 


—~ a 








ae ser 





(ksi) (ksi) (ksa } ([CG) (in/meed) 


P 002 13,50 ieee + $ 1,2 
003 15,00 12,00 1,2 
005 14.70 13,20 1,2 
006 13.77 Le 
OC7 13.06 11,18 1,2 
608 1,2 
609 15.81 era 1,2 
501 14.65 11.50 Mie 
502 3 
BOD e 

002-1 {5.10 ence 


CO4~1 Lao Vee 2 


005-1 Agee ee Ot 
006-1 oreo o 171.9C 
002-2 1 © 10.34 


OC4-2 14,07 leet 


005-2 14,2C le! 
=, Notes 1 & 2 Decent OOO me oOo cote, 
Note 3 weecimen WaG not Lested, 
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Kominal stress 


a 


weximun 


— 
) 


Q 


mea Initiation 
Macroscopic 


MLercscocic 


TABLE VI 


Oe. ee ay ee 

Specimen aAnnealec Unannealed 
(xsi) (csi ) 

E Ceo oe Pon 

HE 16xx Tao eee) 

ERS 6xx lee 12.0 

1s Oxx oo 12 


E 16xx aes 


75 


TABLE VII 


STRAIN RATE EFFECT 


Strain Rate Ave. Band Initiation Stress Ratio 
E 6xx ERS 6xx ERS/E 
(ksi) (ksi) 

0.833 24 65 25.2 95 

0.0833 23,3 19.8 85 

Or008 43 _ 23.4 18.9 Ol 





Nona eel’ 


DEPENDENCE OF INITIRT2ON cin Oe oe eee eae 


Test Texp. Specimen Initiation Stress (G) 
eC) . (xsi) 
75 E 637 © 16.6 
75 633 16.5 
75 639 16.6 
EO 641 . 19,4 
50 642 Lon 
50 64% 19.5 
23.5 646 23.2 
23.5 647 Ene 
23.5 648 23,2 
23.5 649 23.4 7 
2 644 | 26.6 
2 645 POR 
2 655 26.6 
2 656 26 4 
2 657 26,3 
2 658 26.6 
21 659 31.7 
21 660 32.6 
on 661 34,2 Hich 
21 662 31.6 


tect. en. Srecimen Teo lol On wee ess oy 


ne re 


(2) (xsi) 
74 i 664 42,4 
aes 665 42.0 
~74 666 39.0 Low 
ae 667 43.4 
ds 669 Lee 
50 ERS 612 | iowa 
50 oye 1624 
50 614 16.1 
50 | 615 16.1 
Zee 601 20,0 
Boe 602 ere 
2D) 6C3 leeG 
Son — 604 oa - 
Ee 6C5 20.1 
2S 630 Tone 
Bee | 631 20.8 
Eo eo 632 irene 
2 618 | e4,2 
2 619 25.2 
2 620 24.9 
2 621 24.5 
2 622 are 
2 623 24 5 


~21° Soo DO. 


ect ems. 


(°C) 
-21 
~21 
aes 


C3 


ecimen 


oo 


[tu 


Hin oem © 
oof 
624 
626 
ce 
628 


629 





oe 


Initiation Stress (C7) 


(ksi) 
29.8 
ZO ee 
Gio Low 
Pie 
oa 
ee 
31 6G 


Oe 


Toes bisa < 


VARIATICN OF INITIATION STnksa is CUR 


Cure Lemic, waterial Nominal tpeitiavion si gess 
(Cc) | (ksi) 
74 EPON 828 11.45 
74 EFON 828 With oo» 


VaGee Pomticles 

74 EFON 828 with 9.40 
small particles 

120 EPON 828 9.87 

12C EPON 828 with 8.60 
larvee veo ticles 

20 LP CN eee ba 5.40 


sinall varticles ar 





Tie. 


NOMINAL INITIAT 


1 


ON STRn#os Vari aTIOn Wii NUMBER Ome ieee 


Specimen Number of test 
i es 2 
(xsi) (aa (vee 
E 603 14.90 13.40 
604 150 14,60 
605 15.50 15.07 
606 15.30 15.00 
607 15.20% 15.50 
509 See. yo IS, 
611 Teale 10.68 
612 10.96 10.71 
613 lie Ones 
614: 11.05 10.70 
646 o.86* 1O—nS 
647 O oe VON 
AS 0.56% VOR oe 
649 9.95 1059 
1603 Tere 10.63 
1604 eee isle 
1605 11.43 Gs GO 
1606 SO Homan 
1607 ee Mae 
ERL 6C1 © NOH 10.30 


& 4 


Gs Sas Tar 2 ¢ an 
Sue ciner Number of test 


1 2 3 
(ksi} (ksi) (xsi) 
Bae 602 Teac as a a eye 
603 T tal On 10.90 Low 1O550 
604 VOnepo Low 10720 
1500 L2G 10.98 
1601 ipioo 10.92 
1602 Vee tO ae en 
1503 12,05 10.95 
1504 11.41 ne Pm: 
Nees 1 OyaGe 
16C6 Tavs 150 
#RSO 601 oe @.40 
6C2 ce Ooo 
603 7.94% 8.64 
605 8.56 S12 
GSO 8454 Sire 
O51 Sc) od 
632 & 40% Sear 
P O02 ee TIVO 1Oyo4 
004 14720 | a She ee 
00S Loe te.) iy 


ae icet ese Sree ems 21 C ooo wo ere ete onsen 
S ww <_. 


Curing a reve 


Cf 


tC Ae Ver oonnea) ie 


TABLE XI 


BAND INITIATION STRESS YOR VARIOUS MATERIALS 


‘Material Band Initiation Stress (Op) 
(ksi ) 

B 56 - 65 # 

BRX 34 - 36 # 

E xx | EDD | 

fm) 6 LOxXX 2E58 

ERL 6xx ene zt 

ERL 16xx 20.3 i 

Peo OxxX 20 - 21 

Hino 16xx Cn 

P , 23 - 28 # a 


ye indicates stress is an estimate based on only a few 


tests or on macroscopic initiation stress, 


86 


one ee 7 eee 


EFON 828 


EPON 828 with 


small pvarticles 


EPON 528 with 


large particles 


ERLA 4617 


ERLA 4617 


ween GBINX 


Tb Beeb 


PRACTURE SURFACE WORK 


Cure Tero. Fracture work (3) 
ae ee 
(oie)) (ergs/cm ) x 10 ? 
120 1a One 
74 es aa oar 
120 1 °O ale 20 
74 ora ae 6 
120 15,00 
74 Cel — oe 
_ 0,4 if 


© 
F s a : 0B 
# Date to be documented by Laible’, 
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TEM Xe 


R2DUCTIOCON IN IUNDTIATIONS SlhhooUe Os 


1 


Tne average difference between nonrinel initiation 


stresses for two consecutive tests is listed for 
several series of svecimens, The number in varenthesis 
after the difference is the number of svrecimens used 

moO ObL4in tne averase.5 In tworseries tnere vere a 
Seni: icant numoer Of specimens whieh Showed incemeaced 
Strenzsth uron retestinge. Consecuently, there are Lwo 


Gifierences for those series whicn contained srecimens 


ainst tne trend. The contrary cirference is 


mn 
© 
je 
t~ 
2 
®} 
ns 
di 

{Ty 
oaee 
= 


cenoted by an asterick and is also nefative. 


4 








brecimen Series bitferences (psi) 
mecinee 2 é 3 
E Eee : 630 (4} CeCe 
-~-620 (6)* 
E VOX See ) 
Mai. Oxx BOO (1) Come.) 
ERL 16xx 1090 (6) 
fame OxXX lal Gr 2.) 
-690 (5)+# 
P Oxx S2Cr1s) 610 (3) 
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tABL“ ALV 
VARIATIGN OF @MODT VS ce iO UO iP ie Oe eres 


Rel lO th Pie Arak 


The following tabuletion is the averace initiavicn 


stress for the two series of specimens indicated and 


3 


the number in varenthesis is the nunbder of specimens 


ty 


meOn Wile Liewaverecesstress was OObaince, 


TES Ee TOLD ave. Initistion stress tetio 
Dox ERS 6xx ERS/E 
6) Ceca) Casa) 
5 eno s (3) 
ae owe | 5) 16413 (4) aoe 
Coe 23.25 (4) 19,64 (8) 544 
2 Zone ee (S) 24.79 (5) O34 
~21 ee 7) | ean Oe Coy (2) 2 
aT 12,60 (2) 37.56 (4) 835 


AE Ei DiC 
OPEGINEN PREPARATION PROCESS 


e 


Tne spec imen™preparawon process Gensiseca Cunt 
Pollowins procedures: mola pverstav. on, een amelie 
ana machinine, The mold preparation procedure consisted 
of cleaning two 12" by 12" glass plates and then coating 
mae Wien bwe Coats Of mold release rrexote 357 
PMerowiINneg at Least ten minutes between coats Lor drying. 

A + inch thick rubber gasket was cut from a neorrene 
Iomeoer Sheek, § Tae Slaves were toen Secured to tChevlacker 
Teer Oinaer Clanos,. {ne mold end the oven were oreneaved 
to 120°C and were then ready for the liquid resin. 

The mixing procedure for BEON OSes Ome re= aan a 
EPON 828 (400 crams) in a glass beaker, and then adé 5 
pph by weicht (20 grams) of Curing agent D, The mixture 
was neated in an oil bath at 175°F-and Slowly Sscirtreqd 
Merl it was homosencous, it was tren noured EU ORE le 
preheated mold, 

ue heehee OC Gaui 1 Ole pubder modified EPON &28 
was complicated due to the necessity of removing the air. 
bubbles. The EFCN 8238 was weiened as indicated above and 
tnen 10 poh by weignt (40 gsraas) of elastomer was added, 
tne mixture was neated in an oi] bath to iO ec Carole 


if Puen OY Prenoucwe Lic... tnd fet Seer lama. 
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stirring occasionally with a non porous Sti rrer i ee vwocn 
the mixture was completely clear, au vas Ceacre (eam 
evaporator for aoproximately twenty minutes Al ver en 
Surine the mix eure sac @eoole mre SO=S0 scr the 5 Denby 
felight of curing agent was added. It was stirred until 
Monogenecous and poured into the preneated mold, 

Only two curins methods were used, The standard 
method was to cure at 120°C for two hours, let the moid 
and the oven cool slowly to at least 5020s POSt, cure lau 
130°G for two hours and then allow to cool slowly to 
room temverature, The other metnod was to cure at TA°C 
mor LOur hours adndatlow to cool Slevly ie Poon ven ver — 
ature, The plates were then masked with maskinge tape 
to treserve the smooth surface (Tne earlier svoccimens 


were colished in a volishins jig). 


© 
je 


Machining olf tne sve 


mens was accomrilisned using 
em Dan Saw and 2 small Mii mae Tie ee ou lede amore 
material aporoximately ~ inch wide and three inches 
long were cut from the cast vlates, The edses were 
metlead varallel to a width of 0.575 inches ena taen 

the fillet was cut with a 9/42 inch end mill. A cutter 
With a 0.066 inch tooth radius was used to notch the 
earlier specimens, The noles in the holed ones were 
drilled using a jig and a 0.0645 (752) inch diameter 


aes, 


a 

















Thesis Qa 2 
T8022 = Ludwig LLBSCs 
| Deformation bands 
5 | in thermoset polymers. 


thesL8922 
eformation bands in thermoset polymers 
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